observations, he suggested that the fibrils played a role in the contact-mediated social behavior. This suggestion was supported and extended by Behmlander and Dworkin (4) , who have isolated and characterized the extracellular fibrils, have shown that they are composed of approximately equal amounts of protein and carbohydrate (5), and have characterized the major protein component of the fibrils (6) .
In this paper (18) with shaking at 300 rpm. For MD1000 and other TnS insertion strains, kanamycin was added to CTlF broth at a final concentration of 50 pug/ml. Bacillus subtilis, Escherichia coli, Proteus mirabilis, and Pseudomonas aeruginosa were grown at 37'C in nutrient broth. Stigmatella aurantiaca DW135 (14) was grown at 32'C in 1% tryptone with 8 mM MgSO4.
Fibril isolation. M. xanthus MD207 (originally DK1622) cells were grown on pans (25 by 37.5 cm2) containing CIT agar. Each pan was inoculated with approximately 101 cells.
After 3 days of growth at 320C, the cells from each pan were harvested and resuspended in 200 ml of TNE buffer (10 mM Tris-HCl [pH 7 .5], 100 mM NaCl, 5 mM EDTA). The (28) . Under these conditions, the nonfibrillated Dsp mutant fails to undergo cohesion (1) . We examined the abilities of isolated fibrils to induce cohesion in the Dsp mutant MD1000. The fibrils had been washed several times to remove SDS and were stored in cohesion buffer which contains the divalent cations Ca2' and Mg2+ to saturate any possible remaining EDTA. For the cohesion rescue assay, divalent cations were added. Immediately after the addition of the fibrils, microscopic examination revealed that the cells were already beginning to clump (data not presented) and the turbidity of the suspension had begun to decrease before the first reading could be taken (Fig. 1) (Table 2 ). This concentration of Congo red had no effect on cell growth in CTT broth. Unlike a previous study (1), we found that concentrations of Congo red higher than 5 jig/ml resulted in cell lysis.
Shimkets (28) (Table 2) . Genus specificity of cohesion rescue. Four gram-negative bacteria, E. coli, P. mirabilis, P. aeruginosa, and S. aurantiaca, and one gram-positive bacterium, B. subtilis, were used to determine whether the fibrils were inducing cohesion simply by virtue of a nonspecific stickiness. S. aurantiaca is a myxobacterium closely related to M. xanthus, which like M. xanthus undergoes specific, developmental cohesion (7). For S. aurantiaca DW135, the cohesion buffer contained magnesium but no calcium, as cohesion of cells of S. aurantiaca DW135 is induced by the presence of calcium. For the other strains, the cohesion buffer contained both magnesium and calcium ions. Figure 3 illustrates the ability of added fibrils to rescue cohesion in M. xanthus (MD1000); after 120 min of incubation, the isolated fibrils did not induce cell agglutination in any of the other bacteria (data not shown for E. coli and P. mirabilis).
Rescue of development in Dsp mutants. MD1000 (Dsp) not only is unable to cohere but also is unable to go through any of the visible aspects of cell development. However, when cells of the Dsp mutant were mixed with isolated fibrils immediately before being spotted on TPM agar, the cells aggregated and then formed fruiting bodies after 24 h. The fruiting body contained sonication-resistant myxospores. The extent of developmental rescue was dependent on fibril concentration. At 1.6 X 10-7 jg of fibril carbohydrate per cell, only a few irregular aggregates were formed (data not shown); however, the number of sonication-resistant spores increased approximately sevenfold (Table 3) . At 3.2 X 10-7 Vig of fibril carbohydrate per cell, the number of aggregates increased (Fig. 4C ) and the number of sonication-resistant spores increased to the wild-type level (Table 3) . At 6.4 x 10-7 jig of fibril carbohydrate per cell, the Dsp cells were able to form mound-shape fruiting bodies that were, in fact, visibly larger than those formed by the wild-type strain (Fig. 4D) , and their content of sonication-resistant spores was slightly higher than that of the wild-type fruiting bodies (Table 3) .
Developmental gene expression. We examined the effect of isolated fibrils on the expression of six developmental genes present in the Dsp background. Kroos et al. (20) described a number of mutants of M. xanthus, generated by the insertion of TnS-lacZ reporter genes. Some of these genes were expressed at various times during development. Li and Shimkets (21) have transferred a number of these developmentally regulated reporter genes into the Dsp background. We selected six of these mutants whose genes were expressed at 9, 10, 14, 17, and 22 h of development and examined the effects of the isolated fibrils on development and on developmental gene expression in these strains (Table 1 ). In 5 of the 6 Dsp-TnS lac strains, the isolated fibrils completely restored normal development.
Fibrils had no effect on LS726(fIDK4435) in which the TnS lac is expressed normally at 22 h of development. The fibrils restored gene expression in only two of the Dsp strains. For the fusion gene fILS237 (normally expressed at 10 h of development) in a Dsp background, addition of isolated fibrils resulted in only one-third of the wild-type level of activity (Fig. 5) (8) development), the gene expression in the Dsp background was rescued to the final wild-type level by the fibrils, but the increase in expression did not take place until 24 h of development had elapsed (Fig. 6 ).
DISCUSSION
The phenotype of the Dsp mutant has indicated that the extracellular fibrils of M. xanthus are causally involved in cell cohesion, S motility, and fruiting body and myxospore development (1, 2, 4, 10, 28). Dana and Shimkets (9) have shown that the introduction of suppressor mutations that increased the levels of fibril formation in mutants of M. xanthus restored cohesion and development to these mutants. Furthermore, it has been possible to rescue cohesion and development by mixing the Dsp mutant with intact, fibrillated cells of the parent strain (29) . Unlike other examples of extracellular complementation in M. xanthus (15) , rescue in this case required the physical proximity of the rescuer and rescuee. The goal of the present work was to demonstrate that this rescue could be duplicated by the isolated fibrils themselves, thus lending support to the notion that the fibrils play a major role in these examples of contact-mediated social behavior. We have, indeed, been able to demonstrate that isolated fibrils can rescue cohesion, fruiting body and myxospore formation, and to some extent, developmental gene expression in the Dsp mutant.
In order to restore cohesion of one Dsp mutant cell to the wild-type level, it was necessary to add an amount of isolated fibrils from 17 wild-type cells. Shimkets (29) reported that the ratio of intact parent to Dsp cells required to restore cohesion was 1. The amount of isolated fibrils necessary to accomplish rescue is higher but not unexpected. The isolated fibrils may have lost some of their biological activity as a result of having been repeatedly washed with SDS. In addition, their access to the cell surface receptors may be less than that of the fibrils attached to cells. Both Mg2' and Ca2' divalent cations have been shown to be necessary for optimum cohesion of wild-type strains of M xanthus (28) . Cohesion rescue of Dsp mutants by isolated fibrils also required both calcium and magnesium. The function of divalent cations in cohesion rescue is still unclear. It has been suggested that calcium serves as an ionic bridge between cells during flocculation of Saccharomyces cerevisiae (16) . In cohesion rescue, calcium and magnesium divalent cations may likewise play a role in ionic interactions between fibrils and the cell surface. Congo red is a diazo dye that binds to certain carbohydrates and proteins by hydrogen bonding (22) . Arnold and Shimkets (1) showed that Congo red blocked cohesion, development, and social motility in wild-type cells. Their results also suggested that Congo red blocked the formation of fibrils (2) . Since cohesion rescue as described here was mediated by extracellular fibrils, inhibition of cohesion rescue by the Congo red must have been due to the ability of Congo red to block the interaction of the fibrils and the cell surface. It suggests that hydrogen bonding may be one of the interaction forces in fibril-mediated cell cohesion.
Cohesion rescue required energy but was not affected by inhibitors of protein biosynthesis. Ethanol also did not substantially affect the cohesion rescue by isolated fibrils, despite an earlier report that ethanol blocked cohesion by wild-type cells (28) . Since ethanol has been shown to block protein export in E. coli (3, 12) , its effect may be on the export of fibril precursors.
The failure by the fibrils to induce cohesion in four unrelated gram-negative bacteria, one gram-positive bacterium, and the closely related myxobacterium S. aurantiaca has convinced us that the ability of the isolated fibrils to rescue cohesion of the Dsp mutant is not a trivial reflection of some nonspecific stickiness of the fibrils. It should be pointed out that a specific cell cohesion system has been demonstrated for S. aurantiaca (26) .
As a paradigm of receptor-ligand complexes, the lamininlaminin receptor interaction has been shown to be both saturable and temperature sensitive (23) . We found that cohesion between cells and isolated fibrils is saturable, with rescue gradually approaching a plateau, and is finally achieved at 1.6 X 107 [tg of fibril carbohydrate per cell. After 30 min, the rescue was essentially saturated. In addition, the fibril-mediated cohesion rescue was temperature sensitive. At 20'C, cohesion rescue was 70% compared with 93% at 320C, at a concentration of 1.6 X 10-7 jig of fibril carbohydrate per cell.
These data are consistent with the notion that the fibrilmediated cohesion involves a receptor-ligand-type interaction. Thus, the possibility that the fibrils play some sort of a role in parent strain, the exchange of paracrine signals has not yet been excluded.
greater numAnother alternative possibility is that the fibrils serve as tactile of the parent antennae, functioning to sense the presence either of neighboring cells or of substrata. Finally, they may physically anchor the dsp mutacells to one another during social motility, developmental aggregation, or fruiting body construction.
